BACKGROUND/OBJECTIVES: Oxidative stress (OS) is thought to be involved in both development of type 1 diabetes (T1D) and its further complications. In this study, certain biomarkers of OS were compared among the subjects with T1D, their non-diabetic siblings and unrelated healthy controls. SUBJECTS/METHODS: Known cases of T1D from both sexes aged 5-25 years were enrolled in a case-control study (n 1 ¼ 60). There were two control groups; non-diabetic siblings (n 2 ¼ 60) and unrelated apparently healthy subjects (n 3 ¼ 60). Anthropometric, dietary and laboratory assessments were done. RESULTS: There was no significant difference in dietary data among the groups. Total antioxidant capacity was significantly lower in T1D than both related and unrelated controls (1.6±0.05, 1.7±0.05 and 1.8±0.06 mmol BSA equivalent/l, respectively, P ¼ 0.044). Both T1D subjects and their siblings showed lower glutathione peroxidase (GSH-px) levels (median (interquartile range): 22.2 (28.6), 29.9 (23) and 41.8 (73.6) U/ml, respectively, P ¼ 0.006). On the contrary, superoxide dismutase concentrations were significantly higher in T1D group and the siblings than unrelated healthy controls (243 (45.3), 157.8 (176.9) and 27.9 (8.7) U/l, respectively, Po0.001). Serum concentrations of GSH correlated with energy intake in the siblings (r ¼ 0.521, Po0.001) and unrelated controls (r ¼ 0.268, P ¼ 0.042) but not in T1D group. The associations remained significant after controlling for blood glucose (r ¼ 0.437, P ¼ 0.001 and r ¼ 0.420, P ¼ 0.011, respectively) in both the groups. CONCLUSION: Augmented OS in the siblings may indicate an increased requirement for antioxidants in genetically diabetes-prone subjects.
INTRODUCTION
Oxidative stress (OS) is believed to have a crucial role in pancreatic dysfunction 1 and further diabetic vascular 2 and cardiovascular complications. 3 Increased serum concentrations of certain biomarkers of OS have been demonstrated in subjects with type 1 diabetes (T1D). 4, 5 Even high serum concentrations of advanced oxidation protein products and poor total antioxidant status have been proposed as the predictors of T1D in genetically susceptible individuals, notably non-diabetic siblings of T1D subjects. 5 However, in one study though similar changes in OS biomarkers were observed in the siblings as in their T1D counterparts, the differences in the sibling group were not statistically significant. 6 Moreover, in a recent 5-year longitudinal study on 16 T1D patients, while there was an increased production of reactive oxygen species, plasma antioxidant status still remained apparently sufficient to prevent OS augmentation. 7 It is noteworthy that antioxidant status can be affected by both genetic 8 and dietary factors. 9, 10 In most, if not all, studies on OS in the subjects with T1D and their relatives, the role of nutrition has been neglected. As the members of a household may follow a more or less similar dietary pattern of antioxidant rich fruits and vegetables, dietary intake must also be investigated in this sort of studies. The aim of this study was to compare certain OS biomarkers among T1D subjects, their non-diabetic siblings and unrelated apparently healthy subjects while evaluating their dietary intake.
SUBJECTS AND METHODS

Study design
Known cases of T1D were enrolled in a case-control study. In this research, two control groups were studied, non-diabetic siblings and unrelated apparently healthy subjects. The objectives of the study were fully explained for all the participants and their parents (for the subjects aged below 18) in a general session before they signed a written informed consent. All the subjects whoever fulfilled the inclusion criteria were instructed to be fasting on a predetermined day. Questionnaire on general and demographic information was completed. Anthropometric and dietary assessments were done. Then, 10 ml fasting blood sample was drawn from all subjects. All assessments and bleeding were performed during 0800 and 1000 hours. 
Dietary assessment
To evaluate energy intake, 24 h dietary recall for 2 days (including a weekend day) was performed. A semi-quantitative food frequency questionnaire including the most common dietary sources of micronutrients in the Iranian diet 11 was also completed. For a better quantification of portion sizes, a food album was used during interview. The validity of these questionnaires has been shown in a national survey. 
Laboratory investigations
Blood sampling and handling. Blood samples collected following an overnight fasting (at least 8 h) was divided in two tubes, either without or with the anticoagulant ethylenediamine tetra-acetic acid-Na (8.5 and 1.5 ml, respectively). The clot samples were kept at room temperature (RT) for B30 min followed by centrifugation at 1500 g at RT for 30 min. Sera were separated and transferred to fresh microtubes in aliquots. One aliquot was used for glucose and lipid profile analyses on the same day of bleeding, while the others were kept at À 20 1C until the day of analysis. Cells from the anti-coagulated samples (recovered after plasma removal following centrifugation at 1500 g at RT for 30 min) were washed with 0.9% saline for three times and then transferred to a microtube and kept at À 80 1C for later HbA1c analysis.
FPG, highly sensitive C-reactive protein (hsCRP) and HbA1c. Glucose and hsCRP concentrations were determined using enzymatic and immunoturbidometric methods, respectively (both from Pars-Azmoon, Iran) and an auto-analyzer (Selectra E, Vitalab, Dieren, The Netherlands). HbA1c was determined using a colorimetric method after initial separation with cation-exchange chromatography (G.D.S.r.l., Milan, Italy). According to the manufacturer, in this method HbA1c between 4-8% was considered normal.
Biomarkers of OS. Serum total antioxidant capacity (TAC) was evaluated as described earlier 12 with bovine serum albumin as a standard. Malondialdehyde (MDA) was assayed as originally described 13 with some minor modifications.
14 Serum concentrations of superoxide dismutase (SOD), glutathione (GSH) and glutathione peroxidase (GSH-Px) were all determined using enzymatic immunoassay (USCN Life Science and Technology Co., LTD, Wuhan, China) with the aid of an automatic plate reader (StatFax 3200, Awareness, Palm City, FL, USA).
Statistical analyses
Normality of data distribution was evaluated by Kolmogrov-Smirnov. Data were expressed as mean ± s.e.m. or median and interquartile range for data with or without normal distribution, respectively. Comparison of data among the three groups was performed using either analysis of variance, followed by Tukey's post hoc test (for data with normal distribution), or Kruskall-Wallis followed by Mann-Whitney U-analysis (for data with nonnormal distribution). Differences in categorical variables were compared using w 2 test. Two sets of data with normal distribution were compared using student t-test and possible confounding factors were controlled by analysis of covariate. To evaluate correlation between pairs of data, either Pearson (r; for normal distribution) or Spearman (r s ; for non-normal distribution) equations were used. All statistical analyses were done using Statistical Package for Social Sciences (SPSS, Chicago, IL, USA), version 16.
RESULTS
Almost all variables showed normal distribution except for serum hsCRP, SOD and GSH-px concentrations that were not normalized by usual transformations, including logarithm. Sex distribution did not show any significant difference among the groups (w 2 ¼ 1.73, P ¼ 0.42). There was no significant difference in age, weight, height and BMI among the three groups (Table 1) . Dietary data did not differ significantly among the T1D, related and unrelated control groups, with more or less similar energy (2063.0 ± 70.2, 1928.5±91.4 and 1921.7±89.1 kcal/day, respectively, P ¼ 0.395) and nutrient intake, as estimated by 24 h dietary recall (data not shown). Daily intake of the major food groups estimated by (Table 2) . Expectedly, diabetic group had significantly higher FPG and HbA1c than the other two groups (for both Po0.001). Serum hsCRP concentrations were significantly higher in T1D than the siblings (P ¼ 0.048) or the unrelated controls (P ¼ 0.016) but there was no significant difference between the two control groups (P ¼ 0.708). Subjects with T1D, had significantly lower TAC than unrelated controls (P ¼ 0.041), but there was no significant difference between T1D and siblings (P ¼ 0.208) or siblings and unrelated controls (P ¼ 0.698). T1D group had remarkably higher serum SOD than siblings and unrelated controls (for both Po0.001). The difference between siblings and unrelated controls was also statistically significant (Po0.001). On the contrary, circulating GSH-px was lowest in T1D compared with the unrelated controls (P ¼ 0.002), but there was no significant difference between subjects with diabetes and siblings (P ¼ 0.131) or between siblings and unrelated controls (P ¼ 0.061). No significant difference in serum concentrations of GSH was found among the groups. Similarly, serum MDA concentrations also did not differ significantly among the groups (P ¼ 0.092) ( Table 1) . But when all the subjects were divided based on having diabetes to two groups of T1D and non-T1D (that is, siblings plus unrelated controls), serum MDA was significantly higher in T1D than in non-T1D (7.4±0.23 vs 6.8±0.20 mmol/l, P ¼ 0.035). However, after controlling for FPG, the difference disappeared (P ¼ 0.201).
In the whole study population, FPG correlated directly with circulating SOD (r s ¼ 0.673, Po0.001) but indirectly with GSH (r s ¼ À 0.293, P ¼ 0.019). HbA1c also showed a direct association with SOD (r s ¼ 0.472, Po0.001) but an inverse one with GSH-px (r s ¼ À 0.288, P ¼ 0.033). Serum concentrations of MDA directly correlated with SOD (r s ¼ 0.225, P ¼ 0.009) and hsCRP (r s ¼ 0.260, P ¼ 0.010).
Dietary variables did not show any associations with the biomarkers of OS either in the whole study population or in the individual groups.
DISCUSSION
Our findings demonstrated augmented OS independent of dietary intake in both diabetic subjects and their siblings compared with unrelated healthy controls.
However, higher hsCRP concentrations were found only in diabetic group and there was no significant association between hsCRP and any of the dietary components.
Defective antioxidant system in T1D has been reported long ago [15] [16] [17] and has been associated with diabetic beta cell dysfunction. 16 Although some studies suggested that enhanced OS in T1D is independent of diabetes duration, metabolic control and the presence of complications, 18 reduced TAC in diabetes has been linked to coronary artery calcification. 19 In accord with our findings, decreased TAC and circulating GSHpx and increased MDA has been observed in subjects with T1D but, unlike our data, the siblings did not show significant difference compared with the healthy controls. 6 Decreased TAC may reflect lower intake of antioxidants 20 or increased utilization of the circulating antioxidants due to higher production of free radicals. 21 The absence of difference in dietary intake among our groups is in favor of the latter notion. However, the marginally insignificant higher intake of nuts but insignificant lower intake of fruits and vegetables in T1D subjects, compared with the control groups, could be noticeable. In a recent controlled clinical trial on adults with metabolic syndrome, 12 weeks supplementation of a healthy diet with mixed nuts resulted in no significant betweengroup difference in TAC, oxidized low-density lipoprotein and conjugated diene. 22 Moreover, despite the effect of fruits and vegetables consumption against OS, as judged by higher TAC, GSH-px and lower oxidized low-density lipoprotein levels, in healthy adults, 23 the independence of blood concentrations of both antioxidants and oxidative damage products to usual dietary intakes of fruits and vegetables in diabetic subjects (both types 1 and 2) has been reported earlier. 24 Higher serum SOD in the subjects with diabetes and their siblings indicates an upregulation of this molecule. Larger variation of SOD in the siblings, compared with the other groups, indicated the higher frequency of the subjects with either appreciable higher or lower than median enzyme levels in this group. The clinical implication of this finding in the siblings (either diabetes protective or promoting in the siblings with either lower or higher SOD concentrations, respectively) can be the subject of future studies.
Extracellular SOD (EC-SOD) by dismutation of superoxide anion exerts its antioxidant effect. However, its overproduction can be detrimental as the excess hydrogen peroxide produced by the enzymatic reaction is toxic to the cells. 25 The resulting hydrogen peroxide is detoxified by both catalase and GSH-px. The expression of SOD is regulated by pro-inflammatory cytokines mainly tumor necrosis factor-a and interferon-g, 26 which are commonly overexpressed in diabetes. 27 Upregulation of Zn/Cu-SOD under OS conditions has been observed in an experimental model. 28 On the other hand, impaired GSH pathway has been shown in diabetes and proposed as a contributing factor in development of diabetic complications. 29 Cytokine-induced SOD overexpression together with defective GSH antioxidant system, including GSH-px, may have some contribution in augmented OS in diabetes. Notwithstanding, in the current study, EC-SOD protein was measured, which is not necessarily equivalent to the enzyme activity. Absence of significant difference in EC-SOD activity between incident cases of T1D and controls has been already reported. 30 On the other hand, diabetes-prone BB (biobreeding rat, an inbred rat strain that spontaneously develops autoimmune type 1 diabetes) rats, compared with Wistar rats, have lower pancreatic SOD activity. 31 Similarly, SOD activity in lymphocytes and polymorphonuclear cells of human subjects with T1D is also reduced. 32 It is, therefore, likely that SOD activity is impaired in a higher than normal glucose milieu, which is followed by compensatory overexpression of the protein. In accord with this notion, reduced activity of hepatic SOD was restored after a 4-week treatment with a hypoglycemic agent, glibenclamide. 33 Recently, lower circulating EC-SOD in healthy women with higher plasma antioxidant carotenoids and fruit and vegetable intake was observed but in the women with history of diabetes there was no such association. 34 Higher serum MDA in our subjects with diabetes confirms other reports. 6 Disappearance of difference in serum MDA between subjects with and without diabetes after controlling for FPG indicates the role of glyco-oxidation pathway in lipid peroxidation. 35, 36 Higher circulating hsCRP in the diabetic group, indicating a lowgrade systemic inflammation, has been linked to many diabetic complications including vascular involvement, 37 nephropathy 38 and retinopathy. 39 Direct association between MDA and hsCRP in the present study further supports other studies that have reported the link between OS and systemic inflammation. 40, 41 High serum SOD and low TAC and GSH in the siblings may be considered as the predictors of development of T1D. Considering the absence of significant difference in the dietary intake among the groups, siblings of the subjects with T1D may be regarded as the special group with genetically higher requirements for antioxidants. Nutritional support of the subjects with T1D and their siblings by appropriate supplementation may be expected to bring about different outcomes. While in the first group it may help to prevent late complications, 7 in the latter it may be regarded as a preventive measure against development of T1D.
This study, however, had some limitations. Our findings must be supported by further studies with larger sample size. Measurement of enzyme activity, beside its protein, could also be informative. The influence of the family dietary pattern, which may be affected by socio-economic factors not considered in this study, on our subjects' food intake and the measured outcomes could not be neglected.
Our findings provide further evidence for enhanced OS in the subjects with T1D and their non-diabetic siblings. Absence of significant difference in dietary intake among T1D and the control groups supports the possibility of an increased requirement of the siblings to antioxidants. Appropriate antioxidant supplementation could, therefore, be considered as a preventive measure against OS-related diabetic complications in T1D subjects and also against diabetes development in genetically T1D-prone subjects. Meanwhile, evaluation of TAC, GSH, GSH-px and EC-SOD may be regarded for monitoring the effectiveness of the treatment.
